ABSTRACT: X-linked inhibitor of apoptosis protein (XIAP) is a potent suppressor of neuronal death. The aim of this study was to investigate the expression of XIAP after ischemia in the human and rat developing brain. Autopsy specimens from 19 children with neuropathologic diagnosis of focal cerebral ischemic infarct were processed immunohistochemically for XIAP expression. XIAP positive cells were compared in pathologically classified acute (1-4 d), subacute (5-30 d), and chronic (months) strokes vs. age-matched controls with normal brain histology. For the animal studies, ischemia was induced in 1-wk-old rats by unilateral carotid artery occlusion and transient hypoxia. XIAP expression was quantified at four time points after ischemia in the infarct core and peri-infarct area. Neuronal XIAP expression was higher in the penumbra of subacute human infarcts compared with controls (p Ͻ 0.05). XIAP expression in the peri-infarct of rat pup was highest at 7 d postischemic injury (p Ͻ 0.05). The increase in XIAP expression was associated with a reduction in activated caspase-3 in ischemic neonatal rat brain. Our results demonstrate that XIAP expression postischemic injury is delayed in both species and may continue for several days. Therefore, potentiation of XIAP expression may be neuroprotective in the developing brain. (Pediatr Res 65: 21-26, 2009) 
I
nhibitors of apoptosis proteins (IAPs) are a physiologically widely expressed gene family of apoptotic suppressors initially identified in the baculoviruses (1, 2) . Subsequently, six human IAPs have been identified including an X-linked inhibitor of apoptosis protein (XIAP). XIAP is the most potent natural inhibitor of apoptosis, blocking the initiator (caspase-9) and effector (caspase-3 and -7) caspases (3, 4) and inhibiting caspase-independent cell death (5, 6) .
Several studies have shown that apoptosis is a delayed process of neuronal cell death in neonatal animal models of cerebral hypoxic-ischemic injury (7) (8) (9) . More recently, we have shown delayed apoptosis occurring for several days after stroke in the human developing brain (10) . We also showed that activated caspase-3 continued to be detected for more than 72 h after stroke, suggesting that antiapoptotic agents are a plausible intervention with a prolonged therapeutic window (10) .
Over-expression of XIAP markedly inhibits ischemic damage in the hippocampus and restores neurologic function after global ischemia in the adult rat (11) . Wang et al. (12) recently showed that caspase-3 and -9 activities were virtually abolished, and tissue loss was reduced in XIAP neonatal transgenic mice compared with wild-type mice after hypoxicischemic injury. They also reported an increase in endogenous XIAP in ischemic brain of neonatal wild-type mice. This is in contrast to Russel et al. (13) who reported a reduction in XIAP expression after hypoxic-ischemic injury in the neonatal rat brain. Determining whether there are similar changes in XIAP expression in human brain after stroke is important considering the potential role for XIAP in influencing ischemic cell death. In this study, we are the first to report on the expression of XIAP in the human developing brain after stroke. In addition, we have characterized the temporal and spatial expression of endogenous XIAP in the ischemic neonatal rat brain for comparison with our studies in human specimens.
METHODS
Human studies. Autopsy specimens registered in the database of the Department of Pathology at the Hospital for Sick Children from January 1990 -December 2006 with a pathologic diagnosis of focal cerebral infarct were included in the study. Inclusion criteria were 1) patient was born at term, 2) patient age Ͻ18 y, and 3) cerebral infarct had well-defined borders. Patients with global ischemia were excluded. Age-matched brain tissue sections with normal histology were used as controls. This study was approved by the Research Ethics Board at the Hospital for Sick Children.
Tissue preparation and neuropathologic examination of postmortem pediatric human brain specimens were described previously (10) . Paraffinembedded 5 m sections stained with hematoxylin and eosin (H and E) were reviewed by the neuropathologist (C.H.) to confirm the diagnosis of focal ischemic infarct. Age of the infarct was determined based on its pathologic appearance (14) . Core of acute infarcts (1-4 d) were characterized by eosinophilic neurons with nuclear pyknosis and vacuolation of surrounding parenchyma. Core of subacute infarcts (5-30 d) were characterized by infiltration by foamy histiocytes, early cavitation, and surrounding astrogliosis and in some cases, vascular proliferation. Core of chronic infarcts (wks-mo/y) were basically cavities with surrounding astrogliosis and in some cases persistent histiocytes. Normal brain parenchyma directly adjacent to the ischemic "core" is the "penumbra" as defined previously (10) . None of the age-matched control brain sections showed any pathologic changes.
Animal studies. The Rice-Vannucci model of unilateral carotid artery occlusion with 8% hypoxia was used as described previously (15, 16) . In brief, 1-wk-old Wistar pups of either sex were randomly assigned to control group or transient cerebral hypoxia-ischemia group. The right internal carotid artery was ligated and cut while the animals were under isoflurane-induced anesthesia. In control animals, the carotid artery was isolated but not ligated. All pups after surgery were allowed to recover for 1-2 h with their dams. Transient ischemia was produced in the hemisphere ipsilateral to the occlusion by subjecting the animals to a hypoxic episode consisting of humidified 8% oxygen for 1.5 h. Body temperature was maintained at 37.0 -37.5°C during hypoxia using an incubator. The animals were killed using pentobarbital (120 mg/kg) at 24 h, 48 h, 72 h, and 1wk (n ϭ 4 per time point) after the hypoxic-ischemic insult. Brains were removed and immediately fixed in 10% formalin. Animal protocols were approved by the local animal care committees and followed guidelines of the Canadian Council on Animal Care.
Paraffin-embedded coronal sections (8 m) were cut at the level of the hippocampus. One section from each brain was stained with crystal violet using standard techniques for paraffin sections to confirm the presence or absence of an ischemic injury in the hypoxic-ischemic group and the control group, respectively. Core of infarction was defined by loss of normal staining pattern of brain parenchyma. Signs of ischemic injury, in the distribution of the right middle cerebral artery territory, were consistently seen in sections from 16 hypoxic-ischemic rat pups stained with cresyl violet. Pyknotic nuclei were seen in cortex and hippocampus of these animals ipsilateral to the ligated internal carotid artery. The hippocampus was chosen as a readily identifiable representative of this region. Ischemic changes were not seen in the contralateral hemisphere or in the control animals (n ϭ 4). Peri-infarct area was defined as the normal brain parenchyma directly adjacent to the infarcted tissue.
Immunohistochemistry. Human and rat pup brain sections were de-waxed in xylene, and hydrated to distilled water through decreasing concentrations of alcohol. Sections were pretreated for heat-induced antigen retrieval technique using EDTA buffer at pH 6.0. Endogenous peroxidase activity was blocked using H 2 O 2 /methanol and then sections were washed with 0.1% Triton 100X for 15 min and blocked with 1% BSA/PBS. Human brain sections were incubated with rabbit anti-XIAP (1:500 from ProSci Inc, Burlington, ON, Canada) overnight at 4°C, washed, and then incubated with goat anti-rabbit horseradish peroxidase (HRP) (1:100 from BioRad, Mississauga, ON, Canada) at room temperature for 1 h. Rat pup brain sections were incubated with mouse monoclonal anti-XIAP (1:100 from BD Biosciences, Mississauga, ON, Canada), washed and then incubated with goat anti-mouse HRP (1:100 from BioRad). Immunoreactivity in both species was detected by 3,3-diaminobenzidine (DAB) substrate kit for peroxidase (Vector Laboratories, Burlington, ON, Canada). The number of XIAP positive cells were counted in 4 -5 high power fields (40ϫ) for each of the core and penumbra of rat and human infarcts using Image J computer software (National Institutes of Health, Bethesda, MD). The person counting the cells was blinded to the age of the infarct or the time point at which the rat pup was killed postischemic injury.
For activated caspase-3 staining, brain section from rat pups were incubated with rabbit polyclonal anticleaved caspase-3 (Asp-175) antibody (1:400; from Cell Signaling, Pickering, ON, Canada) at 4°C for overnight after treating the sections with the same antigen retrieval method described above. Slides were washed and then incubated with Alexa Fluro 488 goat anti-rabbit, (1:200 from Invitrogen, Burlington, ON, Canada) for 1 h at room temperature and then left to dry in the dark covered with antifade fluorescent mounting medium cover slips. Double labeling. Human brain sections with subacute infarcts were treated with rabbit anti-XIAP antibody, incubated with goat anti-rabbit HRP and then XIAP staining was detected by DAB substrate kit for peroxidase as described above. Same sections were then treated with antibody against neurofilaments (anti-chicken NF-H; 1:500 from Chemicon, Temecula, CA) for 1 h at room temperature, washed and then treated with rabbit anti-chicken biotin (1:200) followed by avidin and biotinilated HRP complex (Vectorstain ABC kit from Vector Laboratories). Neurofilament staining was detected using VIP substrate kit for peroxidase (Vector Laboratories).
Statistical analysis. Experimental groups were compared using KruskalWallis analysis of variance on rank with post-hoc Dunn's method for pairwise comparison of subgroups since normality or equality of variance was not present. Normality was evaluated by the Kolmogorov-Smirnov test. Equality of variance was determined by the Levenne test. Results were considered to be statistically significant if p Ͻ 0.05. All data were presented as mean Ϯ SE and statistical analysis was done using SigmaStat Software (v3.5, Dundas Software Ltd. and TE Subsystems Inc. Germany, 2006).
RESULTS

Patient population.
A total of 19 patients (mean age, 33.5 m) with a neuropathologic diagnosis of cerebral ischemic infarct met the inclusion criteria of our study. Of these 19 patients, 5 had acute infarcts, 9 had subacute infarcts, and 5 had chronic infarcts. The average time between death and autopsy was 15.6 h for acute infarcts (range, 2-29 h), 19 h (range, 7-37 h) for subacute infarcts, and 13.6 h (range, 7-19 h) for chronic infarcts. The clinical demographics on patients and controls (n ϭ 5) are shown in Table 1 .
Increased XIAP expression in the human developing brain after ischemic injury. Slight elevation in XIAP expression was observed in the penumbra of acute infarcts. This elevation was more evident in core and penumbra of subacute infarcts compared with controls. In chronic infarcts, XIAP expression was reduced to levels similar to those seen in the acute infarcts (Fig. 1A) . Elevated XIAP expression reached statistical significance in the penumbra of subacute infarcts compared with controls (Fig. 1B ). There were no gender differences in XIAP expression in the core and penumbra of subacute infarcts (data not shown).
Double staining using XIAP and neurofilament (neuronal marker) antibodies showed cytosolic XIAP expression in neurons of developing human brain (Fig. 1C) .
Prolonged increase in XIAP expression in the ischemic neonatal rat brain. Normal brain parenchyma shown by H and E staining directly adjacent to the ischemic "core" was defined as the peri-infarct or "penumbra" (Fig. 2A) . XIAP expression reached a maximum at 48 h and then decreased with time in the core of the infarct (Fig. 2B and C) . The peri-infarct, on the other hand, showed a progressive increase in XIAP expression that continued for at least 1 wk after the HI injury (Fig. 2B) . The increase in XIAP expression was significantly higher by 24 h postischemic injury compared with controls and continued to increase in the peri-infarct but not the core 7 d postischemic injury (Fig. 2C) . The number of XIAP positive cells was significantly higher in the peri-infarct compared with the core of the infarct by 7 d after hypoxicischemic injury (Fig. 2C) . There was minimal expression of XIAP before 24 h postischemic injury (data not shown). XIAP was not expressed in any of the control animals or in the contralateral hemisphere.
Inverse pattern of caspase-3 expression compared with XIAP in the ischemic neonatal rat brain. Activated caspase-3 expression was maximal at 24 h and then decreased with time in the core and peri-infarct of ischemic neonatal rat brain (Fig.  3A) . However, the number of caspase-3 positive cells was significantly higher in the core compared with both controls and to the peri-infarct at 24, 48 and, 72 h postischemic injury (Fig. 3B) .
DISCUSSION
In this study, we have shown that 1) neuronal XIAP expression is up-regulated in developing human and rat brain after ischemic injury; 2) the increase was delayed in both species by at least 24 h postischemic injury and sustained for up to 7 d in the rat pup; 3) XIAP expression was Figure 1 . Neuronal XIAP expression increased in ischemic human developing brain. A, Immunohisotochemical staining of brain sections from children with acute (top row), subacute (middle row) or chronic infarct (bottom row) showed an increase in XIAP expression in the core (a-c) and penumbra (d-f) after ischemic injury. Brown color denotes XIAP positive cells. B, XIAP positive cells were counted in at least four high power microscopic fields (40ϫ) per core (black bars) and penumbra (gray bars) in each specimen using Image J computer software (National Institutes of Health, Bethesda, MD). XIAP expression (mean Ϯ SE) increased in core and penumbra of acute, subacute and chronic infarcts. The most significant increase was in the penumbra of subacute infarcts compared with controls *p Ͻ 0.05. C, Brain sections with subacute infarcts were treated with neurofilament (neuronal marker) and XIAP antibodies. XIAP and neurofilament staining were detected with DAB substrate kit for peroxidase (brown) and VIP substrate kit for peroxidase (purple) respectively. Colocalization of XIAP and neuronal marker staining was observed in injured neurons (arrow; 400ϫ). significantly higher in the ischemic penumbra compared with the core of the infarct in both humans and rats and 4) The increase in XIAP expression was concurrent with a reduction in activate caspase-3 in the peri-infarct area of neonatal rat brain.
To our knowledge, this is the first study to investigate the role of XIAP in the human developing brain and show a significant increase in neuronal XIAP expression in the penumbra of subacute ischemic infarcts. The neuronal expression of XIAP in human ischemic brain, we found, is in keeping with previous studies showing XIAP in cerebral neurons of neonatal mice (12) , adult rat (17), and mice (18) brain after ischemic injury. We have previously shown that apoptotic cell death persists for several days in the ischemic human developing brain and that the number of caspase-3 positive cells significantly decreased in the penumbra of subacute compared with acute infarcts (10) . Increasing XIAP expression in the penumbra of subacute infarcts may play a role in inhibiting both caspase-dependent and -independent apoptosis in ischemic developing brain (5) (6) 10) .
Several investigators have studied apoptosis in autopsy brain tissue using morphologic criteria for apoptotic nuclei in addition to techniques such as DNA fragmentation labeling using TUNEL (19, 20, 21) or staining methods for specific antibodies directed to caspase-3 (19,20 -23) or apoptosisrelated proteins (23, 24) . However, postmortem delay and tissue fixation techniques may affect apoptosis and apoptosisrelated protein detection methods (21, 25) . In our study, the postmortem delay to autopsy was similar among the three groups of patients so the impact of such a delay should be the same for all specimens. Further, we were comparing specimens to themselves (core vs. penumbra) so the effects of postmortem delay for different regions in the same samples should be equivalent. Although it is conceivable that the amount of XIAP expression was underestimated in our autopsy specimens, it has been shown that the TUNEL detection method is reliable when tissue is fixed up to 48 h postmortem (21) . Our longest postmortem delay to autopsy was 37 h. The characterization of XIAP temporal expression in ischemic human developing brain reported in this study is invaluable for any translational research investigating a therapeutic approach based on potentiation of antiapoptotic pathways. However, a potential weakness in this study is the wide age range of included patients. Ideally, patients would be divided into subgroups of neonates, early childhood, and late childhood to assess the difference in the response to ischemic injury as the brain matures. This proved to be very difficult due to the scarcity of human tissue. Nevertheless, we tried to address this issue by analyzing the data with and without including children older than 10 y of age. The profile of XIAP expression in the acute, subacute, and old infarcts did not differ between the two data sets (data not shown). However, the impact of brain maturity on caspase-dependent and -independent apoptotic pathways should to be addressed in detail in future studies. Other limitations in using human tissue include the variability of brain regions affected by ischemia and the uncertainty in clinically determining the age of the infarct. We have previously shown that there was no significant difference in caspase-3 expression between infra-and supratentorial ischemic lesion in the human developing brain (10) . All of the included patients were critically ill (Table 1 ) and heavily sedated. Thus, timing of neurologic deterioration due to cerebral infarct was difficult to determine clinically so we used the pathologic characteristics to determine the age of the infarcts. Because of all these limitations in using human tissue, we investigated the temporal and spatial expression of XIAP in a more controlled experimental paradigm using the RiceVannucci rat model of neonatal stroke. The brain maturity of a 7-d-old rat used in this model corresponds to a brain of human term infant (26) .
There are conflicting data on XIAP expression after hypoxic-ischemic injury in rodent developing brain. Russell et al. (13) reported a reduction in XIAP expression in hypoxicischemic neonatal rat brain. Wang et al., (12) on the other hand, reported that XIAP expression peaked at 24 h and continued to be detected at 72 h posthypoxic-ischemic injury in neonatal wild-type mice. They also reported the presence of XIAP positive cells in the infarct margin but it was not clear whether the degree of XIAP expression in this area changed with time. Our study confirmed the up-regulation of XIAP expression in the ischemic developing rat brain and added a considerable depth of information on temporal and spatial expression of XIAP by providing quantitative data showing that XIAP expression continued to increase in the peri-infarct for several days (beyond 72 h) after hypoxic-ischemic injury in neonatal rat brain. A prolonged increase in XIAP expression was not seen in the ischemic human developing brain. This discrepancy could be explained by the fact that the chronic infarcts included in the human study were older than 7 d which was the longest post-HI time point at which XIAP expression was assessed in the ischemic neonatal rat brain.
In adult rat brain, however, a nonsignificant increase in XIAP expression was detectable at 48 h in the core of the infarct after transient focal ischemia (27) . The pattern of XIAP expression in the infarcted core of adult rat brain (27) was similar to neonatal rat brain as reported in our study where we noted an early transient increase followed by decline in XIAP expression. However, our study showed that unlike reports on adult rat brain, XIAP expression continued to increase in the peri-infarct area of neonatal rat brain. This increase was detected for more than 1 wk after the hypoxic-ischemic insult whereas XIAP expression declined to the lowest level by 24 h postmiddle cerebral artery occlusion in the penumbra of adult rat brain (28) . The explanation for these differences between adult and neonatal rat brain after ischemic injury is not clear yet. Apoptosis is a key mechanism in the ongoing modeling and remodeling that occur in the developing brain. Therefore, it is possible that increased levels of antiapoptotic proteins such as XIAP can only be detected in stress situations such as ischemia. This may be achieved by developmental variations in the expression of proteins regulating XIAP's activity such as second mitochondrial activator of caspase (Smac) (29) , high-temperature requirement serine protease A2 (HtrA2) (30) , and XIAP-associated factor 1 (XAF-1) (31) . Further investigations of XIAP regulating proteins are warranted in the developing brain after ischemic injury.
The temporal and spatial expression profile of activated caspase-3 was the inverse of XIAP expression in the ischemic neonatal rat brain. Activated caspase-3 expression progressively decreased with time in the core and peri-infarct but remained significantly higher in the core compared with periinfarct at all time points. This reversed expression of caspase-3 compared with XAIP was also observed in the human developing brain where caspase-3 expression decreased (10) and XIAP increased in the penumbra of subacute infarcts. These results suggest that one of the potential mechanisms of XIAP-mediated neuroprotection is by inhibiting caspase-dependent apoptosis (5) in the ischemic developing brain. We have previously shown that caspase-3 was minimally expressed in the normal human developing brain (10) . Here, XIAP was also minimally expressed in the control human specimens. Therefore, XIAP expression may be triggered by ischemia-induced apoptosis which may explain the low levels of XIAP in acute compared with subacute infarcts given that apoptosis is a delayed process in the ischemic developing brain (7-9).
With the mounting evidence that apoptosis contributes to neuronal cell death after ischemic injury in developing brain (7, 10, 11) , physiologic and pharmacologic inhibitors of apoptosis are being actively investigated as potential therapeutic interventions. The potency of apoptotic suppression manifested by XIAP (32) makes it a natural candidate for therapeutic intervention in pathologic processes involving cellular apoptosis such as ischemic injury. Multiple studies in ischemic adult rat (11, 27, 28) and mice (18) brain showed a neuroprotective effect of XIAP by inhibiting caspase activity. Over-expression of XIAP in neonatal mice brain decreased tissue loss by 40% (12) . Transgenic expression of human FGF-1 in ischemic neonatal rat brain showed similar neuroprotective effects by inducing XIAP expression (13) . Neuroprotection shown in these studies by XIAP was mediated by inhibiting caspase-dependent apoptosis. However, XIAP has also been shown to block caspase-independent cell death (5, 6) . This may be an important pathway for cell death after ischemic injury in the human developing brain (10) . Given the results of these studies taken together with our findings of delayed increase in XIAP expression after hypoxicischemic injury in the developing brain, we propose that potentiation of XIAP expression early (first 24 h) after ischemic injury is a conceivable neuroprotective strategy for the developing brain.
